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Abstract: Optical trapping of metallic microparticles remains a big challenge because of the strong 
scattering and absorption of light by the particles. In the paper, we report a new mechanism for stable 
trapping of metallic microparticles by using a tightly focused linearly polarized Gaussian spot. We 
theoretically and experimentally demonstrated that metallic microparticles were confined off the optical 
axis by such a trap. In the meanwhile, transverse spinning motion occurred as a consequence of the 
asymmetric force field acting on the particle by the trap. The off-axis trapping and transverse spinning 
of metallic microparticles provide new manners for the manipulation of metallic microparticles. The 
works reported in this paper are also of significance for a better understanding of the mechanical 
interaction between light and metallic particles. 
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1. Introduction 
Metallic particles are drawing increasing attentions because of their size- and shape-dependent optical 
properties [1]. They have served as remarkable tools in various applications, such as drug carriers in drug 
delivery[2], label-free biosensors in bio-sensing [3, 4], and optical nano-antennas in optical 
communications [5, 6]. They are also exploited as remotely, optically controlled micro/nanoscopic 
sources of heat for bubble formation[7], surface ejection[8], and cancer therapy[9, 10]. Widely growing 
applications imply that the optical trapping of metallic particles would be of great interest to a variety of 
scientific communities. 
During the past two decades, theories and experiments focusing on optical trapping of metallic 
particles have been vigorously studied. Metallic nanoparticles are proved as better candidates for optical 
trapping due to the higher polarizability compared with dielectric nanoparticles with equivalent size [11-
17]. The gradient force is much larger for a metallic nanoparticle than a dielectric one, while the 
scattering force is negligible. Consequently, higher trapping efficiency can be achieved even by using a 
bright spot, such as a tightly focused Gaussian spot. However, as the particle size increases, the 
scattering force arising from scattering and absorption of light increases dramatically and dominants, 
making large metallic particles become poor candidates for optical trapping. Efforts have been made 
to find the solutions, especially for three-dimensional (3D) trapping [18-22]. The simple means to 
confine a metallic microparticle is using a structured hollow trap, for example the vortex beam [23, 
24]. The scattering force pushes the metallic particle away from the center of a bright spot. Therefore, 
hollow trap can be utilized to confine the particle to the dark center. The non-ignorable drawback is 
that the particle will be trapped in the transverse plane, and forces acted by a wall or gravity are 
needed to cancel the axial scattering force to achieve 3D confinement. Gaussian beam has also been 
demonstrated for two-dimensional trapping of gold Mie particles in the transverse plane [18, 19]. Further 
theoretical analysis performed by Gu et al. showed that the trapping efficiency of metallic Mie particles 
could be enhanced by the use of a centrally obstructed Gaussian beam [20, 21]. While the theoretical 
analysis works, the experimental demonstration of 3D trapping of metallic microparticles (diameter ≥ 
wavelength) is still an ongoing task [22].  
In this paper, we report a new mechanism for stable trapping of metallic microparticles. We 
demonstrate the off-axis confinement of metallic microparticles by the use of a Gaussian beam with 
numerical analysis and experimental results. While the metallic microparticle is confined at the off-axis 
equilibrium position, it will do transverse spinning motion as a consequence of the asymmetric force 
field that the particle experiences. This phenomenon is intrinsically different from the optical spinning 
utilizing the transfer of photon spin angular momentum [25, 26], or the specially designed shape of 
particle that leads to spinning torque [27]. The off-axis transverse spinning of metallic particles relies on 
the asymmetric light field introducing asymmetric force field, which has never been reported by the 
previous works. The transversely spun particles are expected to serve as a new kind of optically driven 
rotators that can be applied to biology or hydrodynamics [28].  
2. Methods and materials 
The experiments were conducted with an inverted single-beam optical tweezers setup, as illustrated 
in Fig. 1(a). The trapping laser running at a wavelength of 1.064μm has a maximum output power of 5W. 
The collimated beam is directed into a high numerical-aperture oil-immersion objective (100×/NA1.45, 
Nikon Inc., Japan) by a dichroic mirror. A CMoS camera (GS3-U3-41C6M-C, Point Grey Research Inc., 
USA) with resolution of 2048×2040 pixels and pixel pitch of 5.5 μm is employed to monitor and record 
the manipulation process. A white light source focused by a condenser is used to illuminate the samples 
for direct wide-field imaging. We use gold particles (Thermo Fisher Scientific Inc., USA) with the 
diameter ranging from 1.0 to 5.0 μm as metallic candidates for trapping. 
Figures 1(b-c) present the principle of off-axis optical trapping of metallic microparticles by the use 
of Gaussian beams. For large metallic particles, scattering force dominates, propelling the particles away 
from the intensity maximum. However, we find that metallic particles can be trapped at the edge of the 
focal spot (Fig. 1(b)). At this position, the longitudinal scattering force is balanced by the gravity of the 
particle, and the transverse scattering force is too weak to push the particle away. Indeed, the particle 
will be pulled back if it moves away from the beam center by a vortex-like force field, which will be 
discussed below. The off-axis trapped particle will bear asymmetric force field at its two ends (Figs. 1(c, 
d)). For the case given in Fig. 1(c), the force acting on the particle at the right end is larger than that at 
the other end, making the particle roll in the anticlockwise direction around the transverse axis. In 
comparison, the metallic microparticle trapped at the position given in Fig. 1(d) will roll clockwise 
around the transverse axis. This kind of rolling also can be referred to transverse spinning as the particle 
spins around the transverse axis.  
3. Results 
3.1 Simulation results 
The optical forces exerting on a metallic particle by an optical trap include absorption force, scattering 
force, and gradient force. For particles with a diameter larger than half wavelength of trapping light, the 
extinction increases dramatically with the particle’s size [15], and it cannot be neglected. All three kinds 
of forces should be taken into account for the calculation of the trapping force acting on large metallic 
microparticles. Here we employ the T-matrix method [29, 30] to calculate the net optical force. We use 
gold microparticles as trapping candidates whose dielectric constants is εˆ =−54+5.9i at the wavelength 
of 1064 nm [31]. In all simulations, we used a y-polarized Gaussian beam. 
To verify the trapping performance of a Gaussian beam on gold microparticles, we calculate the two-
dimensional forces in the xz and yz planes experienced by a gold particle with a radius of 1.5μm (Fig. 2). 
The net force field takes into account the gravity of particle, the buoyancy force that the particle 
experiences, and the optical force acting on the particle by the trap. The trapping power is P=10mW. 
Figures 2(a,d) clearly show that the particle will fail to be trapped on the axis because of the nonzero 
force. But interestingly, the positions of zero force are found at the positions of (x0, z0) = (±2.62, -0.46) 
μm in the regions 1 and 2 in the xz plane. Moreover, the vector maps in the regions 1 and 2 present two 
vortex-like vector field with force singularities in the center, but have opposite spiral directions (Fig. 
2(b,c)). As a result of the vortex-like force field, the metallic microparticle is expected to be finally 
trapped at the singular points, i.e., the positions (x0, z0) = (±2.62, -0.46) μm. Similarly, zero-force 
positions can be found in the regions 3 and 4 of the yz plane. However, the vector maps in regions 3 and 
4 show no singular points for stable confinement of metallic microparticles (Fig. 2(e,f)).  
To confirm that the gold microparticle can be trapped at the positions of (x0, z0) = (±2.62, -0.46) μm 
in the xy plane, we calculate the three-dimensional force curves at the balance positions. As an example, 
Fig. 3 presents the forces experience by a 1.5-μm-in-radius gold particle at the position of (x0, y0, z0) = (-2.62, 0, -0.46) μm. Results show that, both the longitudinal (Fig. 3(a)) and the transverse force curves 
(Fig. 3(b,c)) in the vicinity of the balance position have negative slope. The maximal forces are large 
enough to confine the particle (~0.7pN in the z direction, ~0.26pN in the x direction, and 0.5 pN in the y 
direction). Therefore, gold particles with a radius of 1.5μm can be stably confined at the position of (x0, 
y0, z0) = (-2.62, 0, -0.46) μm. Similarly, the particle can be trapped at the position of (x0, y0, z0) = (2.62, 0, -0.46) μm by using such a symmetric Gaussian trap. With these results, we conclude that, by the use 
of a linearly polarized Gaussian beam, metallic microparticles can be trapped off the axis. This trapping 
mechanism is quite different from the previously reported on-axis trapping of dielectric particles with a 
linearly polarized Gaussian beam, in which case there is no vortex-like force field off the axis [20-22].  
Compared with the on-axis optical levitation, in which case the metallic microparticle escapes easily 
from the trap, the off-axis trapping of metallic microparticles tends to be more stable in some sense. 
When the trapping power is changed, the off-axis trapped gold microparticle will remain stably confined. 
Although in the meantime, the equilibrium position will change accordingly. For example, for trapping 
power P=10, 50 and 100mW, simulation results show that the equilibrium positions (x0, z0) are (±2.62, -0.46), (±3.75, -0.24) and (±4.33, -0.18) μm, respectively. By increasing the trapping power, we found 
that the particle tends to be pushed away from the beam center in the transverse direction.  
Another appealing property besides the off-axis trapping is the vortex-like force field that the off-axis 
trapped particle experiences. As demonstrated by the above simulation results, the vortex-like force field 
can confine the metallic microparticles at the singular points. Importantly, it is easy to infer that the 
vortex-like force field will introduce a spinning torch to the particle, driving it do transverse spinning. 
To validate this effect, we calculate the spinning torch acting on the particle while it is confined at the 
position of x>0 in the xz plane by a y-polarization Gaussian beam. For a particle with a radius of 1.5μm 
and trapping power of 100mW, the spinning torch in the x, y and z directions, (Γx, Γy, Γz), are (7.92×10-
17, 3.94, -2.21×10-16) pN∙μm, respectively. Compared with the spinning torch in the y-direction, Γy, the 
components (Γx,Γz) in the x- and z- directions are negligible. Consequently, the particle will spin around 
the y-axis. This phenomenon is quite different from the conventional optical spinning arising from the 
transfer of spinning angular momentum.  
 
3.2 Experimental results 
3.2.1 Off-axis trapping 
As we used a linearly polarized laser as the trapping light source, the metallic microparticle was 
expected stably confined at two edge positions of the focused Gaussian spot according to the theoretical 
analysis. Figure 4 presents the time-lapse images of two metallic microparticles (r~1.5 μm) stably 
confined at two edge sides (p1 and p2) of the focal spot (marked by a white dot). When the sample stage 
moves along the x-direction in the transverse plane, the two particles keep stably confined around the 
focal spot (Figs. 4(a-d)). In particular, when the stage moves too fast, the particle will be dragged away 
by the fluid (see the particle at the position of p2 in Fig. 4(c)). But owing to the restoring force acting on 
the particle by the trap, it will be pulled back to the original position (Fig. 4(d)). When the sample stage 
moves to the left along the y direction, the two particles still keep stably trapped, but will be dragged to 
the left side of their original positions by the friction of fluid (Figs. 4(e-h)). To verify that the particles 
were stably trapped in three dimensions, we translated the sample stage along the z-direction (Figs. 4(i-
l)). The two particles stay in the trap during the axial movement of the sample stage. But the distance 
between the particles increases, and the image gets a little blurred. This means that the equilibrium 
position has been changed when the particles gets deeper in the solution. It can be explained by 
decreasing trapping efficiency due to the wavefront distortion caused by the mismatch of the refractive 
index when using an oil-immersion objective. After the stage moves along the z-direction over a distance 
of about 10μm (Fig. 4(l)), the stage is translated along the x-direction again. Still, the two particles are 
stably held in the trap. The time-lapse images given in Fig. 4 demonstrate the off-axis 3D confinement 
of metallic microparticles by the use of a Gaussian beam (also see Visualization 1).  
In the on-axis optical levitation of metallic microparticles, the particles appeared quite unstable as 
reported by the previous works [22]. In comparison, the off-axis trapped metallic microparticle is 
expected more stable according to the theoretical analysis, especially for large metallic microparticles. 
We validated this by investigating the off-axis trapping of metallic microparticles with various trapping 
power (see Visualization 2). When the output laser power is about 10mW, the metallic particle is 
confined near the center of the focal spot (Fig. 5(a)). The particle keeps stably trapped when the output 
power increases, but with increasing distance between the particle and the focal spot center (Figs. 5(b-
f)). For output power of P= 10, 50, 100, 200, 500 and 1000 mW, the distances are about 1.92, 2.86, 3.19, 
3.67, 4.52 and 5.74 μm, respectively. Experimental results show that the off-axis trapping of metallic 
microparticles can be achieved regardless of trapping power, as long as the power is large enough. 
Therefore, in some sense the off-axis trapping of metallic microparticles is much more stable than the 
on-axis levitation. 
3.2.2 Off-axis transverse spinning 
Theoretical analysis has shown that the off-axis trapped metallic microparticle will do the transverse 
spinning. For clear visualization of this phenomenon, we select an asymmetric metallic particle to be 
trapped, which is indeed an ensemble consisting of two large (r~4μm) particles adhered to each other 
and several smaller (r~1μm) particles on the surface of the two large ones (Fig. 6). Experimental results 
obtained from the time-lapse video of the off-axis trapped ensemble agree well with the theoretical 
prediction. The ensemble is trapped at one of the two hot spots. In the beginning, the small particle 
marked by the yellow arrow lies in the right side of the ensemble (Fig. 6(a)). Then this particle moves 
above the ensemble (Fig. 6(b)) and further to left side (Fig. 6(c)). The ensemble is transversely spinning 
in the anticlockwise direction from the view as the dashed arrow indicated. At t=60~80ms (Figs. 6(d-f)), 
the light reflected by the surface of the trapped particles (marked by the dashed squares and circles) also 
indicates a transverse spinning motion of the ensemble, as the intensity increases gradually when the 
small particle is getting to the top of the ensemble. The spinning speed measured about 6.3 Hz (see 
Visualization 3). When the ensemble is trapped at the other hot spot, it will do transverse spinning as 
well, but in the opposite direction (see Visualization 4). In this case, the spinning rate measured about 
3.4 Hz. The difference of the spinning rate at the two spots relies on the beam profile, the shape of the 
ensemble and the trapping position, or other factors. 
4. Discussion and Conclusion 
In summary, we have reported a novel mechanism for optical trapping of metallic microparticles. We 
demonstrated the off-axis optical trapping and transverse spinning of metallic microparticles using a 
linearly polarized Gaussian beam with theoretical analysis (Fig. 3) and experimental measurement (Figs. 
4 and 5). The off-axis trapping of metallic microparticles is much more stable than the on-axis levitation, 
along with changing transverse trapping position dependent on the trapping laser power. The off-axis 
optical trapping of metallic microparticles provides a new route for manipulating of metallic 
microparticles.  
By the use of a linearly polarized Gaussian beam, metallic particles are demonstrated to be confined 
at the two hot spots shown in Fig. 4. When the particles are placed at other positions near these two hot 
spots, they will be attracted to the hot spots. This feature can be exploited to assemble metallic 
microparticles along an arc as the dashed rings show in Fig. 7 (also see Visualization 5). Experimental 
results show that the size of metallic microparticles has a significant impact on trapping stability. Large 
particles will be stably trapped off the axis as previous results demonstrated, whereas small particles 
seem much less stable. This is because small metallic microparticles will experience violent Brownian 
motion, thus making itself jitter in the trap due to the vortex-like force field (see Visualization 5).  
While trapped off the axis with a Gaussian trap, the metallic microparticle was demonstrated to do 
transverse spinning simultaneously (Fig. 6), which is caused by the asymmetric force field that the 
particle bears when it is not at the center of the Gaussian spot. This is intrinsically different from the 
optical spinning utilizing the transfer of photon spin angular momentum. The transverse spun metallic 
microparticle can serve as a new source of controllable micro-flow in thermodynamics, and a new kind 
of spanner in molecular biology. Our works on the mechanism of off-axis trapping and transverse 
spinning of metallic microparticles in this paper also provide a better understanding of interactions 
between light and metallic particles.  
 Fig. 1. Sketch for the off-axis trapping of metallic microparticles with an inverted optical tweezers setup. 
(a) Sketch for an inverted optical tweezers setup. (b) The principle of off-axis optical trapping of metallic 
microparticles. The scattering force is balanced by the gravity of particle. (c, d) The principle of transverse 
spinning of metallic microparticles. The asymmetric force exerting on the particle will drive the particle to 
spin transversely.  
 
Fig. 2. Force fields of a 1.5-μm-in-radius gold particle trapped with trapping power of 10 mW. (a) Force 
map. (b, c) Force vector map in regions 1 and 2 for P=10mW. The four-angle stars indicate the positions of 
zero force. 
 Fig. 3. The net forces experienced by a 1.5-μm-in-radius gold particle trapped by a Gaussian beam with 
trapping power of 10 mW in the vicinity of the position of (x0, y0, z0) = (-2.62, 0, -0.46) μm. (a) The 
longitudinal forces in the z direction. (c) The transverse forces in the x direction. (d) The transverse forces 
in the y direction. 
 
Fig. 4. Experimental results of off-axis 3D optical confinement of metallic microparticles (see Visualization 
1). (a-d) The sample stage moves along the x direction. (e-h) The sample moves along the y direction. (i-l) 
The sample moves along the z direction. (m-p) The sample moves along the x direction after it is moved 
along the z direction over a distance of 10μm. The output laser power is 1W. Dark arrow: the moving 
direction of sample stage; white triangles: the reference objects; white dot: the position of Gaussian trap; 
yellow dashed circle: the possible trapping positions; p1 and p2: the positions of two hot spots. 
 Fig. 5. Trapping position of metallic microparticle for various trapping power (see Visualization 2). (a-f) 
Trapping results for trapping power of 10, 50, 100, 200, 500 and 1000mW, respectively. The radius of the 
trapped particle is about 1.6 μm.  
 
Fig. 6. Transverse spinning of metallic microparticles using Gaussian beam (see Visualization 3). (a-f) 
Time-lapse images of transverse spinning of metallic microparticles extracted from a video.  
 
Fig. 7. Optical assembly of metallic microparticles based on off-axis optical trapping (Visualization 5). (a-
c) Time-lapse images from a video. The output laser power is 1.5W. 
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